Abstract: Dependencies of physical-chemical characteristics on structure development during polymerization of organic-inorganic systems (OISs) have been investigated. The non-monotonic behavior of the physical parameters has been found. This effect was explained by complicated structure of OISs, which consists of two interpenetrating hybrid organic-inorganic networks, which are characterized by different rate of the structure formation.
Introduction
Organic-inorganic polymer systems (OISs) are new type of polymers, the large-scale investigations of their structure and properties started only over last years. The study of OISs has attracted attention of researches because of the possibility of obtaining a variety of properties owing to their chemical structure that includes organic and inorganic blocks in its volume (Sugimoto H . et al. [1] , Sanchez C. et al. [2] ). By investigations of electrical and dielectric properties of OISs the increase of relaxation time and activation energy with increasing of value of inorganic component has been shown (e.g. Li С. et al. [3] ). The dependencies of electrical characteristics of OISs on structure of mineral blocks, chemical content and molecular weight of organic component, molecular structure of OISs have been investigated (Bronstein L.M. et al. [4] , Xi J. et al. [5] , Kuo P-L. et al. [6] , Mamunya Ye.P. et al. [7] ). The content of mineral phase influences on thermal physical properties and thermal stability of OISs as it was illustrated by Chen S. et al. [8] .
The earlier studies of OISs (Mamunya Ye.P. et al. [9] ) based on urethane oligomers and metal silicate made it clear that nature of organic phase appreciably influences their electrical properties. With increasing of number of reactive NCO-groups in organic component the conductivity decreased for several decades, the dielectric constant and dielectric losses were changed drastically in a wide range. Such systems can have a practical interest as the materials for fuel cells, solid electrolytes, medicine and require further investigations of their structure that defines by forming features.
Usually the changes of physical parameters during formation of structure of thermoset polymer systems have monotonic character (Lipatov Y.S. et al. [10] ). With increasing the content of one of the components in a volume of polymer which is being formed, the values of kinetic parameters, such as rate constant, gelation time, curing time, etc. change monotonically with the changes of physical properties of the system (Davidenko, V. V. et al. [11] ). For the organic-inorganic polymer systems (OIS) as a new class of polymers the properties and features of structure development are not investigated fully (Kickelbick G. et al. [12] ). In the present work, the changes of physical-chemical parameters during structure formation were investigated. Fig. 1 represents the dependencies of viscosity η and DC conductivity σ DC of OISs on time of polymerization (see Experimental). Gelation time t g was defined on both viscosity and conductivity curves as a point of drastic change of the curves shape, which were due to losses of contact between plates and material as a result of transformation of liquid resin to very viscous gel that is shown in Fig. 1 . (1), 9,3% (2) and 13,5% (3) of free NCO-groups.
Results and discussion
The critical point t a characterizes the transition from microgel formation to forming of macrogel (e.g. Zakordonskii V.P. et al. [13] ). A good correlation between both of type of measurements is observed, consequently it is possible to say, that the structure development influences on viscous properties of resin and charge transport simultaneously. Fig. 2 represents the dependencies of real G' and imaginary G'' parts of storage module versus time (see Experimental). The crossover of G' and G'' can be defined as gel point in accordance to Madbouly S.A. et al. [14] , Chambon F. et al. [15] , Winter et al. [16] , which reported that gelation time t g can be determined as a critical conversion point of crosslinking reaction, that is a first approach of Winter-Chambon criterion. One can see that the gelation time obtained by this method is longer than by critical point of crosslinking reaction (Fig. 1 ). This discrepancy can be explained by the different conditions of polymerization (temperature etc., see Experimental). A monotonic changing of physical parameters, which characterize the structure development, in accordance with continuous increasing of content of free NCOgroups from 3,6% to 32% in organic part of OISs and constant ratio 70/30 between organic and inorganic components, was expected. However, the experimental results, which were obtained during polymerization of OIS, demonstrate non-monotonic dependencies of rheokinetic parameters. Fig. 3 shows the influence of content of NCO-groups on gelation time t g defined by viscosity, conductivity and G'/G'' crossover. Fig. 4 represents the dependencies of rate constant k on content of free NCO-groups in organic part of OISs. The rate constants k were determined for the first linear part of viscosity curves up to the critical point t a on Fig. 1 , which corresponds to the microgel formation according to Zakordonskii V.P. et al. [13] . The figures indicate maximum (for k) or minimum (for t g ) in the mean concentration interval of NCO-groups. The same tendency has been found by dielectric measurements during polymerization of OISs. Fig. 5 demonstrates the curves of relative permittivity ε'/ε' C versus content of NCO-groups (where ε' C is permittivity of cured system) for 3 periods of curing. Evidently the shift of curves indicates that in the systems the reactions of curing run continually after t g (see Fig.  3 ). As it was represented by Mamunya Ye.P. et al. [17] the polymerization of OISs has a complicated character and cannot be explained by one simple mechanism during all time of process. On the other hand, the polymerization can be conditionally regarded as being in several continuous stages, each of them can be described by simple functions (Zakordonskii V.P. et al. [13] ). In accordance with the approach the first stage of polymerization is within kinetic interval, which is characterized by low increasing of viscosity, and can be related to formation of chains. The second stage can be referred to the diffusion interval and is attributed the creation of aggregates or microgels.
This stage can be characterized by the sharp increase of viscosity with time of curing. The third stage is envisaged by creation of three-dimensional molecular structure and displays strong growth of viscosity. The presence of knee on the G' and G'' curves (Fig. 2) is caused by transition from second to third stage and is characterized by time t a (Fig. 2) . Third stage runs up to system gelation at time t g .
As it is obvious from Figure 1 , the used methods cannot distinguish the stages of polymerization process in contrast to module measurements (Fig. 2) . The viscosity of systems begins to grow up in the moment of reactive mixture obtaining, due to fast reactions which run between free NCO-groups of organic component and OH-groups of inorganic component, and increases, due to growth of hybrid polymer network, until the gelation time t g when the forming of structure is finishing and the post-curing of systems takes place.
The monotonic decreasing of gelation time t g and increasing of reaction rate constant k for the systems with 3,6%-17,8% of NCO-groups occur due to increasing of content of reactive NCO-groups in reactive mixture. However with further growth of NCOgroups the curves acquire the anomalous view. The gelation time begins to grow up, whereas the value of rate constant drastically falls down. The same tendency was also revealed for relative permittivity (Fig. 5) . Such anomalous dependencies cannot be described by one simple mechanism, and may be explained by complicated character of interphase interaction between organic and inorganic components during OISs polymerization. At low concentration interval of NCO-groups, when relatively high-molecular macrodiisocyanate (MDI) is dominant in organic part, the hybrid organic-inorganic network MDI-Na-salt of polysilicic acid (NS) is formed in the volume of composite (see Experimental), whereas hybrid organic-inorganic network isocyanate-containing modifier (IM)-NS is possibly created in the boundary area nearby surface of inorganic phase that exists in nanodimensional inclusions (Fig. 6 ).
We suppose that the features of spatial distribution of two types of organic-inorganic networks (MDI-NS and IM-NS) are the result of difference in molecular weights of MDI and IM and consequently the different mobility of their chains and different rate of reactions MDI-NS and IM-NS. One can assume that in the interval of content of NCO-groups from 17,8% to 32% the hybrid organic-inorganic network IM-NS becomes predominant and possibly forms the layer around the inorganic phase, which prevents the following reactions between organic and inorganic phases and decreases the value of rate constant.
Thus, two hybrid organic-inorganic networks obtained in OISs are characterized by different chemical structures and properties correspondingly, that explains such anomalous behavior of kinetic parameters depending on chemical composition of OISs. 
Experimental part
The organic component consists of a mixture of two isocyanate-containing products:
-presynthesized macrodiisocyanate (MDI) with M w = 4500 which contains 3.6 % of free NCO-groups. MDI was synthesized on the base of 2,4-toluene diisocyanate and oligooxypropylene-glycol with M w = 2100.
-isocyanate-containing modifier (IM) based on diphenylmethandiisocyanate (M w =250) with 32 % of free NCO-groups. Weight ratio of parts of organic component (MDI/IM) was varied in the range 0/100 to 100/0, that enabled to change the content of the reactive NCO-groups in the interval 3,6%-32%. The ratio organic/inorganic components (MDI+IM)/NS=70/30 was used for all cases.
Synthesis of OISs was fulfilled in reactive mixture of organic and inorganic oligomers, the reactions of synthesis were described in (Mamunya Ye.P. et al. [17] ). The main The reactive mixture after 4 minutes of mixing was placed between cone-plate of Rheotest for rheokinetic and electrical measurements and on interdigitated electrodes for dielectric investigations.
Representative kinetic characteristics (viscosity η and conductivity σ DC ) were measured by a modified rheological equipment Reotest (Germany) at temperature T=32 0 C in which the cone-plate element (with 30 mm in diameter and cone angle equals to 1,5 deg) was used as the electrodes for measuring of DC conductivity by teraohmmeter E6-13A Radiotechnika (Riga, Latvia) that allowed us to measure viscosity and DC conductivity simultaneously. The speed of rotation was constant and equals to 3 min -1 , and the applied voltage was equal to 100 V.
Rheokinetic parameters (G' and G'') were also determined by dynamic tests with a Rheometrics equipment RMS 800. The reactive mixture after 4 minutes of mixing was placed between two plates with 11 mm in diameter. The thickness of the sample was 1 mm. A time sweep at temperature T=19 0 C and constant shear frequency ω=1 rad s -1 was used to obtain the gelation time of OISs.
Dielectric characteristics during curing were investigated by dielectric analyser Solartron SI1260 at temperature T=22 0 C in the range of frequency from 10 1 Hz to 10 6 Hz. The reactive mixture after 4 minutes of mixing was placed on interdigitated electrodes IDEX Sensor with a spacing of 125 μm.
